Although it has been well established that murine immature thymocytes are sensitive to apoptosis when exposed to various apoptotic stimuli, these cells as well as mature T lymphocytes were resistant to jasplakinolide-induced apoptosis. The results suggest that jasplakinolide induces apoptotic cell death through a caspase-3-like protease-dependent pathway. Another important outcome is that transformed cell lines were more susceptible to jasplakinolide-induced apoptosis than normal nontransformed cells.
There has been much interest in the biological properties of jasplakinolide (5) (jaspamide [38] ), a cyclic depsipeptide isolated exclusively from marine sponges. The quest to define the bioactive constituents of the sponge extract from Jaspis johnstoni (order Astrophorida) (15) , now known as Jaspis splendens (21) , partially stimulated the original isolation, characterization, and further study of jasplakinolide's structural properties (13) . Jasplakinolide was first described as having anthelminthic (6) and antifungal (23) properties. Quite unexpectedly, it was reencountered during bioassay-guided isolations with extract fractions from Auletta cf. constricta (order Halichondrida) possessing in vitro cytotoxicity to HT-29 cells (7) . Jasplakinolide was also shown to possess potent antiproliferative activity in the NCI-60 cell line screen (7) , which prompted extensive further investigation of its properties and mechanism of action. Additional studies demonstrated jasplakinolide to be especially active against a number of tumorderived cell lines, human prostate carcinoma (7) , and myeloid leukemia (10) . The drug was observed to be active in vivo against Lewis lung carcinoma and human prostate carcinoma xenografts (30) .
A number of investigators have found jasplakinolide to be an invaluable tool to probe cytoskeletal proteins. For example, Bubb et al. found that jasplakinolide induces actin polymerization in a similar fashion to phalloidin (2, 3) . The results imply that jasplakinolide exerts its cytotoxic effect by inducing actin polymerization and/or inhibiting the depolymerization of actin filaments. In fact, it was demonstrated that exposure of living cells to jasplakinolide results in the formation of multinucleated cells and disruption of actin in these cells (12, 22, 24) . Recently, this cell-permeable drug has been used to investigate the involvement of actin microfilaments in a variety of cellular processes, including cell movement, integrin-mediated adhesion, oocyte maturation, and transport in the endocytic pathways, including protein trafficking in the Golgi apparatus (4, 9, 11, 18, 25, 26, 28, 31) . Thus, although it is clear that jasplakinolide has strong antiproliferative activity, additional information was needed to link this effect to one or more discrete mechanisms of action.
The results outlined below show that human Jurkat T cells exposed to jasplakinolide exhibit reduced proliferation. This indicates that jasplakinolide-induced cell death occurs by apoptosis via activation of a caspase-3-like protease or proteases. Thus, our findings may account for the antiproliferative properties of jasplakinolide, which have been described in a number of previous studies.
MATERIALS AND METHODS
Isolation of jasplakinolide. Specimens of the marine sponge, Jaspis splendens, collected in Papua New Guinea, were extracted with 100% methanol (MeOH) to obtain a total polar extract. The general methods for sponge extract work-up are as follows. The crude oil obtained from the total polar extract was successively partitioned between equal volumes of aqueous MeOH, and hexanes followed by CH 2 Cl 2 , and the volumes were adjusted to produce a biphasic solution. The CH 2 Cl 2 fraction was subjected to Sephadex LH-20 gel filtration chromatography in 30:70 CH 2 Cl 2 -MeOH, yielding eight fractions. The fourth fraction was then subjected to silica gel chromatography and normal-phase high-performance liquid chromatography on a silicon 60 preparative column (10:90 hexanes-ethyl acetate) to afford a pure fraction of jasplakinolide. All of its physical properties match those that have been previously published (5, 13) .
Reagents. Jasplakinolide obtained as described above was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/ml. Even with the highest concentration of the drug used in this study, the final concentration of DMSO was no more than 0.1% (vol/vol). Dexamethasone and propidium iodide (PI) were purchased from Sigma Chemical Co. (St. Louis, Mo.). Caspase inhibitors zVAD (benzyloxycarbonyl-Val-Ala-␤-methyl-Asp-1-yl-fluoromethane) and DEVD-CHO (N-acetyl-Asp-Glu-Val-Asp-aldehyde) and the fluorogenic sub-strate DEVD-MAC (N-acetyl-Asp-Glu-Val-Asp-7-amino-4-methylcoumarin) and AMC (7-amino-4-methylcoumarin) were obtained from the Peptide Institute (Osaka, Japan).
Mice. Six-week-old female C57BL/6 mice were obtained from Clea Japan, Inc. (Tokyo, Japan).
Cells. Human leukemia Jurkat T cells, murine T lymphoma EL-4 cells, murine myeloma SP-2/0 cells, murine macrophage-like J774.1 cells, and murine fibroblast L cells were maintained in RPMI 1640 medium (GIBCO, Grand Island, N.Y.) supplemented with 10% heat-inactivated fetal calf serum (FCS; Hyclone Laboratories, Logan, N.Y.), 5 ϫ 10 Ϫ5 M 2-mercaptoethanol (2-ME), 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U of penicillin per ml, and 100 g of streptomycin per ml. Thymocytes were prepared from C57BL/6 mice, suspended in RPMI 1640 medium supplemented with 10% FCS, 5 ϫ 10 Ϫ5 M 2-ME, 1 mM sodium pyruvate, 2 mM L-glutamine, 100 U of penicillin per ml, and 100 g of streptomycin per ml, and then incubated in a 5% CO 2 humidified air atmosphere. After C57BL/6 spleen cell suspensions were prepared, splenic T cells were enriched with nylon wool columns and resuspended in the same medium used for thymocytes.
Determination of cell proliferation. Cells were incubated in the presence of jasplakinolide or DMSO (0.02%) for 24 or 48 h, followed by a 4-h incubation with (ii) Morphologic analysis of chromatin. After Jurkat T cells were incubated in the presence or absence of jasplakinolide or DMSO (0.02%) for 48 h, cells were harvested, washed in cold Dulbecco's phosphate-buffered saline (PBS), and fixed with 80% methanol at 4°C for 30 min. Cells were then rinsed with PBS and treated with RNase (10 g/ml) at 37°C for 45 min. After treatment with RNase, cells were washed with PBS and resuspended in PBS containing PI (2 g/ml). Observations were performed with an LSM 400 confocal microscope (Carl Zeiss Co., Ltd., Esslingen, Germany).
(iii) Detection of oligonucleosomal DNA. Jurkat T cells were incubated in the presence of jasplakinolide or DMSO (0.02%) for 24 or 48 h. After the cells were collected, DNA was isolated, and then DNA fragmentation was analyzed by electrophoresis on a 1.5% agarose gel containing ethidium bromide. Ladder formation of oligonucleosomal DNA was detected under UV light. 
RESULTS
Jasplakinolide induces growth inhibition, resulting in cell death in Jurkat T cells. The inhibitory effects of jasplakinolide on proliferation of human Jurkat T cells were examined by [ 3 H]thymidine incorporation. As shown in Fig. 1a , when Jurkat T cells were treated with jasplakinolide at concentrations ranging from 0.25 to 2 g/ml for 24 h, a dose-dependent decrease in [ 3 H]thymidine incorporation was observed. At 48 h of incubation, the inhibition of cell proliferation was more significant in the cells treated with jasplakinolide.
Next, cell viability was examined by trypan blue dye exclusion at a 24-h interval after Jurkat T cells were cultured in the presence of jasplakinolide or DMSO (0.02%). As presented in Fig. 1b , cell death was observed at 24 h with exposure to 0.25 g of jasplakinolide per ml, and the cell viability was gradually reduced in a dose-dependent manner. When Jurkat T cells were incubated with jasplakinolide (2 g/ml) for 48 h, the percentage of cell viability was further diminished to approximately 20%.
Jasplakinolide induces apoptosis in Jurkat T cells. A morphological feature of apoptotic cell death is the condensation of chromatin and its marginalization at the nuclear periphery. The biochemical hallmark of apoptosis is the appearance of a fragmentation pattern in the chromatin, which is indicative of DNA cleavage at the linker regions between nucleosomes (37). Given this background, insights about how jasplakinolide induced cell death via apoptosis were obtained as follows. After exposure of the Jurkat T cells to jasplakinolide (2 g/ml) or DMSO (0.02%) for 48 h, the cells were analyzed for nuclear morphological changes and/or cleavage of chromatin. The Jurkat T cells treated with jasplakinolide exhibited chromatin condensation, as shown by the morphological observations in Fig. 2a . Furthermore, when DNA from jasplakinolide-treated Jurkat T cells was subjected to agarose gel electrophoresis, DNA fragmentation, as demonstrated by nucleosomal DNA ladder formation, was also observed (Fig. 2b) . Overall, these results indicate that jasplakinolide causes apoptotic cell death in Jurkat T cells.
Enhanced caspase-3 activity is observed in jasplakinolidetreated Jurkat T cells. In the last few years, a family of cysteine proteases, termed "caspases," have been implicated in the effector process of apoptosis, which can operate in several systems (1). Although at least 14 members of the caspase family have been identified to date, caspase-3 (also known as CPP32, apopain, or YAMA) is thought to be a key enzyme in mammalian cells during the nuclear changes associated with apoptosis (33) . In order to explore this phenomenon, we prepared cytosolic extracts from Jurkat T cells treated with 0.02% DMSO or jasplakinolide (2 g/ml) and measured caspase-3-like activity by using the fluorescent substrate Ac-DEVD-MAC. Originally, cleavage of the amino acid sequence DEVD had been attributed to caspase-3 (16), but it can likely be catalyzed by several caspases (32) . Therefore, the DEVDcleaving activity observed here is called caspase-3-like activity. Figure 3 illustrates that an increase in caspase-3-like activity was observed in the extracts of Jurkat T cells treated with jasplakinolide for 3 h, unaccompanied by cell death. The latter was assessed by trypan blue dye exclusion (data not shown). Additionally, a significant increase in caspase-3-like activity was observed up to 9 h after treatment with jasplakinolide. These results indicate that jasplakinolide-induced apoptosis is preceded by an increase in caspase-3-like activity.
It was important to confirm the involvement of caspases in apoptosis as mediated by jasplakinolide. This was accomplished by examining the effect of specific inhibitors of caspases on cell death. The reagent zVAD, an inhibitor of caspases (27, 40) , strongly inhibited cell death in Jurkat T cells treated with jasplakinolide, and this occurred in a dose-dependent manner (Fig. 4a) . Similarly, DEVD-CHO, a preferential inhibitor of caspase-3-related caspases, also almost completely inhibited jasplakinolide-induced apoptosis in Jurkat T cells. Thus, pretreatment of Jurkat T cells with caspase inhibitors dramatically blocks jasplakinolide-induced cell death. These data suggest that caspase-3-like protease activity is involved in jasplakinolide-induced apoptosis in Jurkat T cells. Murine thymocytes and spleen T cells are resistant to jasplakinolide-induced cell death. It has been well established that CD4 ϩ CD8 ϩ thymocytes are sensitive to apoptosis after treatment with various apoptotic stimuli, including dexamethasone. Alternatively, CD4
Susceptibility of various murine transformed lines to jas-
thymocytes are resistant to apoptosis (29, 36) . We examined the susceptibility of different subsets of murine T cells to jasplakinolide-induced apoptosis. Unfractionated thymocytes or splenic T cells of 6-week-old C57BL/6 mice were cultured in the presence or absence of jasplakinolide or 0.1% DMSO. After 24 or 48 h of incubation, cell viability was measured by determining LDH release. The LDH results obtained during this study are shown in Fig. 6a . The level of cell death of untreated thymocytes or 0.1% DMSO-treated thymocytes was approximately 20% after 24 h of incubation. Cell viability in thymocytes treated with jasplakinolide at concentrations ranging from 1 to 10 g/ml for 24 h remained at a level approximately that of 0.1% DMSOtreated thymocytes. In accordance with previous studies, treatment of unfractionated thymocytes with dexamethasone (10 Ϫ7 M) for 24 h resulted in 65% cell death (36) . The spontaneous apoptosis rate became higher after an additional 24 h of incubation. Exposure to jasplakinolide at 10 g/ml resulted in a cell death rate of 40.3% at 48 h of incubation, compared with 42.2% in 0.1% DMSO-treated thymocytes. Thus, no change in cell death was observed in jasplakinolide-treated thymocytes, compared with 0.1% DMSO-treated and untreated thymocytes.
Finally, the sensitivity of native peripheral T cells to jasplakinolide was examined. Mature T cells are known to be resistant to the induction of apoptosis (29) . The occurrence of spontaneous apoptotic cells in splenic T cells of C57BL/6 mice was not significant even after 48 h of incubation. There was an insignificant difference in LDH release between jasplakinolidetreated splenic T cells and control cells (Fig. 6b) . These results suggest that native quiescent T cells may be resistant to jasplakinolide-induced apoptosis.
DISCUSSION
Jasplakinolide exhibits powerful antiproliferative activity in a number of tumor-derived cell lines, especially prostate carcinomas, breast epithelial cells, and myeloid leukemia cells (2, 3, 7, 30) . In this study, we observed that jasplakinolide inhibited cell proliferation and subsequent cell death occurred in human leukemia Jurkat T cells. In addition, jasplakinolidetreated cells exhibited DNA cleavage and chromatin condensation, both of which are signature features of apoptosis. It has been reported that jasplakinolide enhances the apoptosis of CTLL-20 cells in response to interleukin 2 deprivation (17). Alternatively, a much simpler situation exists, as illustrated by Rao et al., who found that jasplakinolide alone induces apoptosis in human promyelocytic leukemia cell line HL-60 (20) . Similarly, jasplakinolide induced apoptosis in the human leukemia Jurkat T-cell line.
Another relevant circumstance is that members of the caspase protease family, especially caspase-3, play a crucial role in the implementation of apoptosis (33) . We found that the exposure of Jurkat T cells to jasplakinolide caused an increased caspase-3-like activity in a time-dependent manner. Furthermore, induction of apoptosis by jasplakinolide in Jurkat T cells was inhibited in the presence of a broad-spectrum caspase inhibitor, zVAD, or a caspase-3-like protease inhibitor, DEVD-CHO. Taken together, these results suggest the involvement of caspase-3-like protease(s) in jasplakinolide-induced apoptosis.
A broad array of experiments have demonstrated that jasplakinolide modulates actin polymerization (2, 12, 22, 24) . It is interesting to consider that the well-documented antiproliferative activity of jasplakinolide may correlate with reorganization of the actin cytoskeleton. Perhaps relevant here is our observation of an increase in actin with the Triton-insoluble cytoskeleton in jasplakinolide-treated Jurkat T cells (data not shown). However, how the induction of actin polymerization by jasplakinolide leads to activation of caspase-3-like protease(s) in Jurkat T cells remains unclear.
We observed that jasplakinolide was capable of inducing apoptosis in various murine transformed lines, such as T-cell lymphoma EL-4 cells, myeloma SP-2/0 cells, macrophage-like J774.1 cells, and fibroblast L cells. Moreover, this cell death was inhibited by zVAD. Although murine thymocytes, especially immature double-positive thymocytes, are sensitive to cell death by various apoptotic stimuli, such as dexamethasone, phorbol ester, or calcium ionophore (29, 36) , an insignificant increase in cell death was observed in jasplakinolide-treated murine thymocytes versus untreated thymocytes. Murine splenic T lymphocytes were also less susceptible to jasplakinolide-induced apoptosis. Thus, in contrast to the effects of jasplakinolide on various transformed cell lines, murine thymocytes as well as murine naive peripheral T lymphocytes were resistant to jasplakinolide at the concentrations used. These results are significant and indicate that transformed cell lines may be more sensitive to jasplakinolide-induced apoptosis than normal naive cells. It has been demonstrated that transformed cell lines and tumor cells contain less F-actin than normal cell lines and tissues (19, 34, 35) . This evidence may explain the discrepancy between susceptibilities to jasplakinolide of various transformed cell lines and normal murine cells. Further experiments will be necessary to determine why various transformed cell lines are more sensitive to jasplakinolide-induced apoptosis than normal cells. It would also be relevant to further examine the relationship between induction of apoptosis and the molecular structure of the reagent by examining natural products related to jasplakinolide (39) , such as jasplakinolide B (24), the geodiamolides (8), or the chondramides (14) .
In summary, the present study shows that jasplakinolide induces cell death via apoptosis. There is an involvement of caspase-3-like protease action in jasplakinolide-induced apoptosis. In addition, it has been demonstrated that various transformed cell lines were more sensitive to jasplakinolide-induced apoptosis than normal, nontransformed cells. Finally, these results along with complementary findings in the literature indicate that the jasplakinolide pharmacophore has the potential to serve for the development of a novel class of anticancer agents.
